Over forty years, time and frequency have been stated by referencing the definition of the second, i.e., the Cs atomic clocks operating at microwave frequency. The clock frequencies are routinely monitored worldwide using satellite-based links, 1) which guarantee the coincidence of the frequencies generated in distant laboratories and constitute No frequency offset has been observed within the statistical uncertainty. The technical detail of the all-optical link is described elsewhere.
24)
Two optical lattice clocks employing spin-polarized fermionic 87 Sr atoms are developed separately at UT [13] [14] [15] and NICT. An ensemble of roughly 10 4 atoms is laser cooled 16) to 3 µK and loaded to the vertically oriented one-dimensional (1D) optical lattice potentials. After optically pumping to one of the stretched magnetic sublevels, the The second-order Zeeman shift caused by bias magnetic fields of 230 µT and 99 µT is estimated to be -1. Table 1 . It is noticeable that the largest contributor to the frequency difference is the gravitational shift of 2.62 Hz.
The instability between the two clocks is measured to be 1.6 × 10 −14 / √ τ as shown in Fig. 2(b) . It is noteworthy that the averaging time of 1000 s is sufficient to reach a fractional instability of 5 × 10 −16 , which indicates more than two orders of magnitude improvement over the remote comparison via the best current satellite-based microwave link.
1) The intrinsic noise of the clock laser and the dead time in the clock cycle cause aliasing noise that is referred to as the Dick effect. 19) The Dick-effect-limited instability is expected to be 6.0 × 10 −15 for the clock at UT and 1.5 × 10 −14 for the clock at NICT. These instabilities are consistent with the result shown in Fig. 2(b) . This remote comparison system, therefore, allows us to investigate the relative instabilities of distant Sr lattice clocks that were previously masked by the instabilities of Cs clocks and relevant microwave links.
3-5, 20)
Frequency differences have been evaluated as summarized in Fig. 3 , by taking eleven separate measurements over five weeks. In each measurement, we correct the corresponding systematic frequency shifts, which vary from day to day by less than 10 mHz due to small fluctuations in experimental conditions. The thin blue error bar indicates the systematic uncertainty of 0.31 Hz, except for the data on January 26th where the uncertainty is 0.49 Hz. The bold red error bar shows the standard error for each run that has measurement records in the range of 900 to 12000 s, from which the weighted mean of ν NICT − ν UT is calculated to be 0.04 Hz, as shown by the solid black line in Fig. 3 . This result demonstrates that the two distant Sr lattice clocks generate the same frequency within the systematic uncertainty of 0.31 Hz (7.3 × 10 −16 fractionally) for the Table 1 .
429 THz carrier frequency. This uncertainty is shown in Fig. 3 by dashed lines.
In summary, we have demonstrated for the first time the stringent and expeditious evaluation of distant optical clocks using optical fiber links, which significantly surpass previous frequency comparisons employing Cs clocks or satellite links. The uncertainty of the reproducibility identified here would be further reduced by rigorously managing the systematic shifts 17, 21) and using less noisy fiber networks accordingly. Such endeavors will certainly push forward the optical redefinition of the second. The technique discussed here has a wide range of applications. 22) Recently invented compact frequency combs based on microresonators 23) can be stabilized to the remote elaborate reference by the transfer technique demonstrated here. Fully referenced transportable optical atomic clocks will enable highly sensitive measurements in fieldwork. Synchronous frequency comparison between distant optical clocks, 13) in which laser noise is canceled out as common noise, may uncover tiny temporal variations in the gravitational potential in real time, which might give new insights into geodesy.
